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Introduction and geologic setting
The Western Gneiss Region (WGR) of Norway is a classic area for the study of high-grade metamorphic rocks (e.g., Eskola, 1921) , Relics of garnet-bearing lithologies, including eclogite, garnet peridotite and granulite, occur locally and have received considerable attention (e.g., Bryhni et al., 1977; Krogh, 1977; Lappin and Smith, 1978; Medaris, 1984; Griffin et al., 1985) . Most of the WGR, however, has been extensively overprinted by amphibolite-facies assemblages (Lappin, 1966) . Although numerous estimates of metamorphic pressures and temperatures have been determined for high-grade assemblages, relatively few estimates 1980). The age of retrograde metamorphism has been studied by Lux (1985) in the vicinity of Seljeneset and also to the north in the Stadlandet area ( Fig. 1 ) by K-Ar and 4"Ar/39Ar techniques. He coneluded that cooling through 500 o C (approximately the temperature of concern in this study) occurred about 410 Ma ago, shortly after eclogite formation. A Svecofennian age of 1760+ 70 Ma was derived for the protolith of the quartzo-feldspathic gneiss in the Stadlandet area by Rb-Sr (whole rock; Lappin et al., 1979) . Lappin et al. (1979) also obtained a U-Pb age on zircon of 1520_+ 10 Ma from mangerire spatially related to the meta-anorthosite, which they interpreted as a crystallization age of the mangerite. The intrusion age of the anorthosite is unknown. Rocks of the Seljeneset locality were first described by Eskola (1921 ) . Meta-anorthosite consists of pink ellipsoidal margarite-bearing clots set in a white well-foliated zoisite-rich matrix. The long dimension of the clots defines a lineation. Eskola noted lenses and boudins of eclogite intricately associated with meta-anorthosite and assumed a primary relationship between the two lithologies.
In 1981 the senior author collected a sample of the margarite-bearing meta-anorthosite and in 1984 obtained four additional samples from Professor W.L. Griffin of Oslo. During subsequent examination, kyanite was identified within several of the clots, and it became apparent that useful pressuretemperature (P-T) information could be derived from a detailed study. In this paper we report the results of a petrographic and microprobe study of the available samples.
Petrography
Margarite-bearing clots are fine-grained, 1-5 cm in diameter, and contain subequal amounts ofmargarite, quartz, plagioclase and muscovite. These phases are invariably less than 100/tm in diameter, and are commonly much finer-grained. Fibrous to platy, randomly oriented phyllosilicates are generally 2-10/tin in thickness. Quartz and plagioclase are granoblastic. Several of the clots contain large skeletal grains of kyanite (Fig. 2a) , equal in dimension to entire clots. Within each clot kyanite grains are optically continuous and show sharp uniform extinction under crossed nicols, indicating that kyanite is not strained. The following assemblages have been defined on the basis of touching grains. In clots the predominant assemblages are margarire + quartz + plagioclase _+ muscovite ( Fig. 2b ) and margarite + quartz + kyanite _+ muscovite ( Fig. 2c ). Kyanite and plagioclase were rarely observed coexisting and are generally separated by a thin selvage ofmargarite (Fig. 2d) . In a few places, however, the assemblage margarite + quartz + kyanite + plagioclase + muscovite was observed ( Fig. 2e) . Even less common is the assemblage kyanite + plagioclase + quartz. These textures lead to the important conclusion that kyanite has reacted with plagioclase to produce margarite.
In contrast with the complicated textures in the clots, the matrix displays relatively simple textures, suggesting a close approach to equilibrium during retrogradation. Layering in the matrix, defined by differing proportions of constituent phases, imparts a strong planar fabric to the rocks. Strongly aligned, euhedral to subhedral zoisite, 0.1-0.5 mm in length, is the most abundant phase in the matrix, generally constituting 50-95% by mode (Fig. 2a) . Lesser amounts of quartz, plagioclase, and commonly clinozoisite are also present. The modal ratio zoisite/(zoisite+clinozoisite) varies from 0.9 to 1.0. Minor to trace brown biotite, green hornblende, muscovite, chlorite, rutile (rimmed by sphene), or apatite also occur locally in the matrix, but are generally restricted to thin layers. With the exception of the sphene rims on rutile all textures are consistent with a single final re-equilibration in the matrix, presumably during the amphibolite-facies portion of uplift. The most common assemblage in the matrix is zoisite+quartz+plagioclase_+ clinozoisite. Other assemblages in the matrix are A zone, 0.5-1.0 mm in width, consisting primarily of quartz and plagioclase, generally occurs between clots and matrix (Fig. 2a) . These zones also contain minor and variable amounts of muscovite, biotite, amphibole and chlorite. Rutile rimmed by ilmenite was observed in one place. 
Mineral chemistry

Analytical techniques
Constituent minerals were analyzed by a ninechannel ARL-SEMQ electron microprobe at the University of Wisconsin. An operating voltage of 15 kV, a sample current of about 15 hA, and a counting time of 30 s were used for zoisite, clinozoisite, margarite, plagioclase and amphibole. For muscovite and biotite a sample current of 10 nA and a 5 s counting time was employed. A beam spot of approximately 2/tm was used for all phases. Well-analyzed natural silicates were used as standards. Corrections were made by the methods of Bence and Albee (1968) using the c~-factors of Albee and Ray (1970) . Analyses of zoisite and clinozoisite represent averages of three points. Many of the analyses of margarite, plagioclase and amphibole are singlepoint analyses due to the extremely fine-grained size of these phases. For muscovite and biotite two to seven points were averaged for each analysis and are thus considered semi-quantitative.
Representative grains of margarite, muscovite, amphibole, zoisite and clinozoisite from sample N-5-3 were analyzed for fluorine. For all grains F was below detectable limits of 0.03 wt.%.
Iron is reported as total Fe, except for zoisite and clinozoisite, where Fe is assumed to be Fe ~+, and for amphibole, where Fe2+/Fe ~+ was calculated from charge-balance considerations.
Margarite
Margarite displays a wide degree of solid solution toward paragonite (Table 1) , with Ca/(Ca+Na) ranging from 0.64 to 0.84 (Fig. 3) . Minor solid solution toward muscovite is present, with K20 varying from below detectable limits to 0.57 wt.%. Minor .lluscovite Muscovite does not deviate greatly from its ideal formula, although grains from clots and matrix can be distinguished (Table 1) . Muscovite from clots contains 3.00 to 3.20 Si per formula unit and has 6-12 mole% paragonite component. Muscovite from the matrix contains 3.06 to 3.21 Si per formula unit and has 1-3 mole% paragonite component. No solid solution toward margarite was detected.
Biotite
Biotite is peraluminous (Table 1) 
Plagioclase
Plagioclase from clots displays a wide spectrum of compositions ( existing with quartz + margarite + kyanite is mostly An~4 ~:, and that coexisting with kyanite + quartz is sodic (An8 e:). In the matrix, plagioclase coexisting with zoisite+quartz is An22_3o, whereas that coexisting with hornblende + quartz is An~o ~2.
Zoisite and clinozoisite
Fourteen pairs of coexisting zoisite and clinozoisite are shown in Fig. 4 and representative analyses are given in Table 3 are pargasitic hornblende, ferroan pargasitic hornblende, and ferroan pargasite, according to the classification of Leake (1978) . The second group contains 6.7-7.0 Si and 0.32-0.46 (Na+K) t per formula unit, and are magnesio-hornblende accord- Ti. Mg, Mn, Na and K were analyzed but were not detected at the 0.05 wt.% level. Formulae normalized to 12.5 oxygens.
ing to Leake (1978) . Representative analyses are given in Table 4 . 
Petrogenesis
Interpretation of textures
The textures described above suggest that in the early part of the Caledonian history of these rocks, porphyroblasts of kyanite resided in a zoisite+(minor) quartz matrix. Reaction between kyanite and zoisite produced the plagioclase+quartz rims that surround clots. Subsequently, kyanite and plagioclase reacted in the clots to form margarite. The margarite clots are therefore interpreted as pseudomorphs after porphyroblastic kyanite.
The well-developed foliation and lineation were evidently produced during the early part of the Caledonian history, probably during eclogite-facies metamorphism. The event that produced the clots apparently was not accompanied by significant deformation, as evidenced by strain-free kyanite. 
Evaluation of equilibria in the system
Reaction (1) was reversed by Goldsmith (1981) , reaction (2) by Nitsch et al. (1981) and reaction ( 3 ) by Jenkins ( 1985) . Invariant point II is also well constrained by the intersection of reaction (2) and kyanite~sillimanite (Newton, 1966) . lnvariant point II occurs at 4.3 kbar,520°C. If kyanite and zoisite were once stable together, pressures in excess of 8.2 kbar are indicated (considering only equilibria in the CASH system and 123 without temperature information). The presence of plagioclase in the reaction rims between clots and matrix is consistent with a retrograde P-T path passing through reaction (1) between IP I and about 800°C (approximately the highest metamorphic temperature reported from the Nordt]ord area; Griffin et al., 1985) .
The observed assemblages and their stability fields ( Fig. 5 ) indicate conditions of final equilibrium in the stability field of kyanite, between reaction (2) and the reaction: margarite + 2 zoisite + quartz 5 anorthite + 2He O
The limiting four-phase assemblage, margarire + quartz + kyanite + plagioclase, is stable along reaction ( 2 ). The margarite selvages between kyanite and plagioclase strongly suggest a retrograde P-T path that passes through reaction (2), between IP's I and II, above the kyanite~sillimanite transformation. Because margarite does not coexist with zoisite there is no evidence that the P-Tpath pierced reaction (4), presumably because Na solid solution in plagioclase has shifted reaction ( 4 ) to lower temperature (see discussion on margarite-plagioclase equilibria).
Equilibria outside the CASH system
Constraints onfluid composition. In the above equilibria, and in the calculations that follow, it has been assumed that Pu,,~=PH:(), i.e. ¥(,(,, is negligible.
The reaction: 2 zoisite + CO~ ~-3 anorthite + calcite + H20 (5) restricts the assemblage zoisite + plagioclase to H20-rich conditions. The location in T-Xmo space of reaction ( 5 ) is a function of mineral composition and pressure. The effects of solid solution in zoisite and plagioclase on reaction (5) may be evaluated by assuming that the activity of calcite is equal to unity. The equilibrium expression for solid phases is:
where c~ = activity; X= mole fraction; and y = activity coefficient. For zoisite, the assumption c~ = X is made and Fe 3+ is considered to reside in the M3 Orville (1972) were used. For XA,=0.25, 7~,= 1.276. The position of reaction (5) has been calculated for various combinations of XH~O and T at 6 kbar by the program EQUILI (Wall and Essene, 1972; Valley and Essene, 1980) , modified to account for non-ideal mixing of fluid species (W.M. Lamb, pers. commun., 1986) by the methods of Kerrick and Jacobs (1981 ) . These calculations show that for T> 500°C, Xc~ was less than 0.01. Thus, the approximation that Pnu~d =PH~o is reasonable.
Zoisite-plagioclase equilibria. Reaction (1) occurs at 8-12 kbar in the CASH system. By considering the effects of additional components on reaction ( 1 ), a more meaningful approximation of the pressure at which kyanite and zoisite were last in equilibrium may be made. This can be done if the composition of plagioclase and zoisite, in equilibrium with kyanite, quartz and H_,O is known. As no direct information on early mineral composition is available several assumptions need to be made. First, because plagioclase is the only Na-bearing phase in most of the matrix, it is assumed that plagioclase, in equilibrium with zoisite + quartz + clinozoisite, has retained its original composition [i.e. the composition that was produced by reaction (1)]. Plagioclase in the matrix varies from An22 to An3o. An intermediate value of An25 was used in the calculation below. Second, for a modal ratio of zoisite/(zoisite+clinozoisite) of 0.8 or greater (a condition that is met in all of the samples studied), only one epidote-group mineral occurs at temperature greater than about 600°C (see Fig. 4) . A zoisite composition of Ps7.5 (i.e. Xzo= 0.925) is used in the following calculation.
Assuming that the activities of kyanite, quartz and H20 are equal to unity, the equilibrium expression for solid phases in reaction (1) is:
For each value ofK~ ) the reaction is shifted to lower T/P (ifKft~< 1.0) or higher T/P (K~,~> 1.0). The magnitude of this shift has been calculated from thermochemical data using the program EQUILI and the relation:
Mg6 5 Ky i/" --0") 400 500 600 700 600 TEMPERATURE (°C) Fig. 6 . Positions of reactions ( 1 ) and ( 2 ) calculated to show the effects of solid solution appropriate for samples of this study.
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For a value of Kf~,=0.017 the corresponding shift in the.equilibrium position of reaction (1) is approximately +4 kbar or -175°C. As peak metamorphic temperatures for the Seljeneset area were approximately 750-800°C (Griffin et al., 1985) , pressures of 15-17 kbar are indicated (Fig. 6 ). These pressure estimates are consistent with many reported for the WGR (Griffin et al., 1985) .
Margarite-plagioclase equilibria. The partitioning of Ca/Na between margarite and plagioclase (i.e. KD) is shown in Fig. 3 and Table 5 . The crossing tie lines indicate that equilibrium has not been attained or that it has been variably reset on the scale of a thin section. The diagram may also be complicated by low-temperature solvi for plagioclase and by margarite solid solutions. The tie-lines may be separated into three groups: In the first group plagioclase is more calcic than margarite (i.e. KD< 1.0), in the second group KD is approximately equal to unity, and in the third group plagioclase is more sodic than margarite (KD> 1.0). There is a general correlation between KD and mineral assemblage. With one exception, margarite and plagioclase from the fourphase assemblage, margarite+quartz+kyanite +plagioclase, have a Ku that varies from < 1.0 to near unity, whereas KD from the three-phase assemblage, margarite + quartz + plagioclase, varies from near unity to > 1.0. To evaluate the effect of additional components, notably Na20, on reaction (2) the activity of quartz, kyanite and H20 are considered equal to unity, and the equilibrium constant for the solids becomes:
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Equilibrium data for reaction (2) are given in Table 5. For the case that produces the largest shift to the right in Fig. 6 , X~,,=0.92, yA,=I.0 and X,g = Ca/(Ca + Na) = 0.65; YMg is assumed equal to unity. A value for K~2~ of 1.41 is derived, shifting the equilibrium 25-50°C to higher temperatures. For the case that produces the largest shift to the left, X~n=0.32, 7A.= 1.276, XMg=0.65 and 7Mg= 1.0. For this case Kt2 ) is equal tO 0.63. A shift of about 125 °C to lower temperatures is indicated in Fig. 6 . It should be noted that these are the extreme cases; that is, the remaining seventeen margarite-plagioclase pairs produce shifts of reaction (2) that fall between these limits, closer to the location of reaction (2) in the CASH system. These results are consistent with the study of Bucher-Nurminen et al. (1983) , who found that KD decreases with increasing temperature in margarite + plagioclase-bearing rocks from the Alps.
Zoisite-clinozoisite equilibria. Prunier and Hewitt (1985) Amphibole-plagioclase equilibria. Spear (1980) presented an empirical geothermometer based on the NaSi~CaA1 exchanges in coexisting amphibole and plagioclase. Application of Spear's model to eleven amphibole-plagioclase pairs gives temperatures of 425-455°C, with an average of 440_+ 10°C. The _+ 10°C precision represents one standard deviation; it does not account for uncertainties inherent in the empirical calibration.
Discussion of equilibria
As described above, the portion of the CASH system of interest to this study has been well established experimentally and thus allows the best estimate of the P-T path taken by the rocks at Seljeneset. The other equilibria that are discussed are not as well established. However, it is encouraging that they corroborate the conclusions based on equilibria in the CASH system.
A well-constrained retrograde path for the Seljeneset rocks has been derived by combining textural observations, equilibria in the CASH system, and temperatures and pressures derived from a number of other equilibria. The anorthosite was transformed into a kyanite + zoisite + quartz rock during the Caledonian orogeny at pressures greater than 8.2 kbar, and probably in excess of 15-17 kbar. During retrograde metamorphism, kyanite porphyroblasts reacted with the zoisite+quartz matrix, via reaction ( 1 ), producing plagioclase-quartz reaction rims between 610 ° and 800: C. Subsequently, matrix and clots behaved as independent chemical systems.
There is no evidence that additional phases were produced in the matrix during continued cooling. Rather, a variety of continuous reactions proceeded, with different assemblages recording different temperatures, according to the specific blocking temperature of the phases involved. More specifically, zoisite-clinozoisite and amphibole-plagioclase pairs record average temperatures of 510 _+ 35 ° and 440_+ 10°C, respectively.
In the clots, variable mineral composition, variable K~, inferred reactions and pseudomorphic textures attest to a complicated history and indicate several generations of equilibria that are interpreted as a record of retrograde metamorphism where domains less than 1.0 mm in size did not equilibrate with their surroundings. The continuous reaction (2) proceeded from about 650 ° to 450°C, as margarite and quartz were produced at the expense of kyanite and plagioclase. Where KD is approximately equal to unity this reaction resembles the discontinuous reaction (2) in the CASH system. Pressure is constrained to have been 4.3-8.2 kbar when the P-T path crossed reaction (2). The rare three-phase assemblage, quartz + plagioclase (An,~ 2_,) + kyanite, was preserved apparently due to the sodic composition of plagioclase, which produces a large displacement of reaction (2) to lower temperatures, significantly increasing the field of stability of the assemblage.
Significance of the P-T path Figure 7 shows the P-Tpath derived in this study together with a number of previously published P- . P-T path derived in this study compared with previously published P-T paths for the WGR, including (K) the prograde trend of Krogh ( 1977 ) , and the retrograde trends of (J) Jamtveit (1984), (K) Krogh (1977) and (D) Dunnel al. (1984) . Invariant points 1 and II and the aluminum silicate phase diagram shown for reference.
T paths, including the prograde trend of Krogh (1977) , and the retrograde trends of Krogh (1977) , Dunn et al. (1984) and Jamtveit (1984). Krogh's trends were derived from eclogites from many localities in the WGR, and therefore represent an "average" P-T projectory for the WGR. The P-T trends of both Dunn et al. and of Jamtveit were derived from studies from relatively restricted areas, both on the island of Gurskoy, aproximately 30 km north of Seljeneset. Thus, these results should represent P-T paths for one structural unit, and presumably they should yield similar results because they involved localities less than 5 km apart. Jamtveit's trend was derived from ultramafic rocks at Gurskebotn, whereas that of Dunn et al. was derived from mafic rocks (eclogites) at Rodskar. Although the two studies yield similar conditions at 15 kbar (700-800°C), the P-T paths diverge at lower P, with Jamtveit's path crossing into the amphibolite facies, and that ofDunn et al. passing into the granulite facies. The reason(s) for the disparity between the P-T paths is not clear. One possibility is that disequilibrium assemblages have been misinterpreted as equilibrium assemblages in one or both studies. Medaris and Wang (1986) have recently presented a theoretically-derived retrograde P-T path for the WGR based on the tectonic model of Cuthbert et al. (1983) . Boundary conditions employed by Medaris and Wang were eclogite-facies P-T estimates, Devonian exposure of the WGR, and geochronologic constraints. The path derived by Medaris and Wang passes between IP's I and II, consistent with the results of the present study. Although complicated textural relations were encountered in this study, it is clear that the retrograde P-T path passed between IP's I and II (Figs. 5-7). As most of the WGR has been extensively retrogressed in the amphibolite facies, amphibolitefacies P-T estimates are important for a complete characterization of the WGR during the Caledonian orogeny. In previous studies that have yielded retrograde P-T information, data are available only at T>650°C. This study provides a well-defined constraint on the retrograde P-T path that one element of rock passed through during the Caledonian orogeny.
